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EDVHGRQHPSLULFDOUHODWLRQVFDOLEUDWHGZLWKWKHH[SHULPHQWDOGDWD>@
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:KHUHĲuLVWKHXOWLPDWHVKHDUVWUHVV03DLLVWKHERQGOHQJWKPPPuLVWKHERQGVWUHQJWKRIDMRLQW1DQG
bpLVWKHZLGWKRIWKHERQGHG)53SODWHPP
$FFRUGLQJWR$&,5>@WKHPD[LPXPERQGVWUHQJWKLVFDOFXODWHGPXOWLSO\LQJWKHPD[LPXPVWUDLQLQWKH
)53DWXOWLPDWHVWDWHE\WKHHODVWLFPRGXOXVRIWKH)53PDWHULDODVVXPLQJDSHUIHFWHODVWLFEHKDYLRXU7KHHIIHFWLYH
VWUDLQLQ)53LVOLPLWHGWRWKHVWUDLQOHYHODWZKLFKGHERQGLQJRFFXUVHfdDVGHILQHGLQ(T7KHXOWLPDWHVWUHQJWK
RIWKHVWUXFWXUDOPHPEHULVWKHQIRXQGFRQVLGHULQJWKHPRGHRIIDLOXUHIRUDQDVVXPHGD[LDOGHSWKDVFRPSXWHGLQ(TV
WR
HH fu
ff
c
fd
tEn
f



d                            
HHHH fdbi
f
cufe x
xd
d¸¸¹
·
¨¨©
§ 
    
Ef ffefe H                            
f
tnE
L
c
ff
df


    
:KHUHHcuLVWKHPD[LPXPFRPSUHVVLYHVWUDLQLQFRQFUHWHWDNHQDVdfDQGxDUHWKHGHSWKRI)53DQGWKH
QHXWUDOD[LVUHVSHFWLYHO\HfuLVGHVLJQUXSWXUHVWUDLQRI)53UHLQIRUFHPHQWffeLVWKHHIIHFWLYHVWUHVVLQWKH)53VKHHWV
HfeLVWKH)53HIIHFWLYHVWUDLQHbiLVWKHLQLWLDOVXEVWUDWHVWUDLQEfLVWKH)53PRGXOXVRIHODVWLFLW\%RQGFDSDFLW\RI
)53LVGHYHORSHGRYHUDFULWLFDOOHQJWKLdf IRUn)53OD\HUV
$QHZYHUVLRQRIWKH,WDOLDQJXLGHOLQHV&15'75>@SURYLGHVDQHZHTXDWLRQIRUFRPSXWLQJWKHIUDFWXUH
HQHUJ\ZKLFKKDVGLIIHUHQWYDOXHVGHSHQGLQJRQWKHPDWHULDOXVHGDQGWKHHIIHFWLYHERQGOHQJWK7KHRSWLPDOERQG
OHQJWKledLVREWDLQHGIURP(T
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ZKHUHEfDQGtfDUHWKHPRGXOXVRIHODVWLFLW\LQWKHGLUHFWLRQRIIRUFHDQGWKHWKLFNQHVVRIWKH)53UHVSHFWLYHO\
*FdLVWKHGHVLJQYDOXHRIWKHVSHFLILFIUDFWXUHHQHUJ\ZLWKsu PPDVWKHGHVLJQERQGVWUHQJWKEHWZHHQ)53
DQGFRQFUHWHJ5'LVDFRUUHFWLYHIDFWRUfcmDQGfctmDUHWKHPHDQYDOXHVRIWKHFRQFUHWH¶VFRPSUHVVLYHDQGWHQVLOH
VWUHQJWKVUHVSHFWLYHO\FCLVWKHFRQILGHQFHIDFWRUkbLVDJHRPHWULFDOFRUUHFWLYHIDFWRUZKLFKLVDIXQFWLRQRIWKH
UDWLREHWZHHQWKH)53VKHHWDQGFRQFUHWHZLGWK
7KHPD[LPXPGHVLJQVWUDLQYDOXHLVJLYHQE\(T
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ZKHUHkG,2LVDFRUUHFWLYHIDFWRUFDOLEUDWHGRQH[SHULPHQWDOUHVXOWVDQGHTXDOWRPPLUUHVSHFWLYHRIWKHW\SHRI
UHLQIRUFHPHQWkqLVDFRHIILFLHQWWKDWFRQVLGHUVORDGGLVWULEXWLRQVDQGLVHTXDOWRIRUGLVWULEXWHGORDGVDQGIRU
DOORWKHUORDGFRQILJXUDWLRQVHsyLVWKHGHVLJQ\LHOGVWUDLQRIVWHHOUHLQIRUFHPHQWDQGH0LVWKHPD[LPXPWHQVLOHVWUDLQ
SUHVHQWEHIRUHWKH)53LVDSSOLHG
)536KHHW'HERQGLQJ6WUHQJWK0RGHOV
)53VKHHWRUSODWHGHERQGLQJKDVEHHQH[WHQVLYHO\LQYHVWLJDWHGDQGYDULRXVPRGHOVZHUHGHYHORSHG,QJHQHUDO
FODVVLILHG WKHSODWHHQGGHERQGLQJPRGHOV LQWR WKUHHFDWHJRULHV6KHDUFDSDFLW\EDVHGPRGHOVZKHUHGHERQGLQJ
IDLOXUHVWUHQJWKLVUHODWHGWRWKHVKHDUVWUHQJWKRIFRQFUHWHRQO\&RQFUHWHWRRWKPRGHOVZKLFKH[DPLQHVDFRQFUHWH
³WRRWK´EHWZHHQWZRDGMDFHQWFUDFNHGVXUIDFHV,QWHUIDFLDOVWUHVVEDVHGPRGHOVLQZKLFKFRQFUHWHHOHPHQWDGMDFHQW
WRWKHHQGRIDERQGHGSODWHLVVXEMHFWHGWRĲVyDQGV[VKHDUVWUHVVWUDQVYHUVHQRUPDOVWUHVVSHUSHQGLFXODUWRWKH
DGKHVLYHOD\HUDQGWKHERQGHGSODWHWKHSHHOLQJVWUHVVDQGORQJLWXGLQDOVWUHVVUHVSHFWLYHO\>@
)LQLWH(OHPHQW$QDO\VLV6LPXODWLRQRIWKH'RXEOH6KHDU7HVW
$ILQLWHHOHPHQWDQDO\VLVPRGHOZDVGHYHORSHGWRVLPXODWHWKHGRXEOHVKHDUWHVWXVLQJJHQHUDOSXUSRVHVRIWZDUH
SURJUDP$16<67KHSXUSRVHZDVWRH[DPLQHWKHVWUHVVDQGVWUDLQGLVWULEXWLRQVDQGWRFRPSDUHWKHHIIHFWLYHERQG
OHQJWK DSSUR[LPDWHG XVLQJ WKH ILQLWH HOHPHQW YHUVXV YDOXHV SUHGLFWHG E\ WZR SURPLQHQW FRGHV )LJ VKRZV WKH
GLPHQVLRQVDQGGHWDLOVRI)53ERQGHGUHLQIRUFHGFRQFUHWHSULVPVWKDWDUHW\SLFDOO\WHVWHG6ROLGHOHPHQWZDVXVHG
WRPRGHOFRQFUHWHGXH WR LWVDELOLW\ WRFUXVK LQFRPSUHVVLRQDQGFUDFN LQ WHQVLRQ&UDFNLQJ LVPRGHOOHGXVLQJ WKH
VPHDUHGFUDFNDSSURDFK7KHUHLQIRUFLQJEDUVZHUHPRGHOOHGXVLQJ/,1.HOHPHQWZKLOH6ROLGHOHPHQWZDVXVHG
WRPRGHO WKH)53 VKHHWV7KH HSR[\ WKDW SURYLGHVERQGLQJGHERQGLQJSURSHUWLHV LVPRGHOOHG WDNLQJ LQWR DFFRXQW
PD[LPXPWHQVLOHVWUHVVPD[LPXPVKHDUVWUHVVFULWLFDOIUDFWXUHHQHUJLHVDQGVHSDUDWLRQGLVWDQFH
7KHHSR[\OD\HUEHWZHHQFRQFUHWHDQG)53ZDVPRGHOOHGXVLQJFRQWDFWHOHPHQWZKLFKHPSOR\VDFRQWDFWSDLU
7$5*(DQG&217$7$5*(ZDVXVHGWRUHSUHVHQWD'³WDUJHW´VXUIDFHDQGZDVSDLUHGZLWKGLIIHUHQW
FRQWDFWHOHPHQWV
4.1. Prediction of effective bond length using two codes. 
7KHIROORZLQJDUHVHOHFWHGPDWHULDOSURSHUWLHVXVHGWRGHWHUPLQHWKHHIIHFWLYHERQGOHQJWKXVLQJ$&,5>@
DQG&15'75>@
 MPaEMPaf cc 
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)LJ'LPHQVLRQVDQGGHWDLOVRI)53ERQGHGUHLQIRUFHGFRQFUHWHSULVPV
4.1.1. ACI 440.2R Calculation [8] 
(IIHFWLYHERQGOHQJWKLVJLYHQE\
mmxx
f
tnE
L
c
ff
df 




   
 
(IIHFWLYHGHERQGLQJVWUDLQLVJLYHQE\
HH fu
ff
c
fd xxtEn
f 




d   
 
4.1.2. CNR-DT 200R1 Calculation [9] 
7KHVSHFLILFIUDFWXUHHQHUJ\LVJLYHQE\
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,Q WKH IROORZLQJ VHFWLRQ WKH ILQLWH HOHPHQWPHWKRG LV XVHG WRSUHGLFW WKH HIIHFWLYH ERQG OHQJWK DVZHOO DV WKH
PD[LPXPVWUDLQ7KHVHDUHFRPSDUHGWRWKHYDOXHVSUHGLFWHGE\WKHWZRFRGHVGLVFXVVHGLQWKHSUHYLRXVVHFWLRQRIWKLV
SDSHU
5HVXOWVDQG'LVFXVVLRQV
7KHGLVWULEXWLRQRIHODVWLFVWUDLQVLQWKHFRQFUHWHSULVPVDQGWKH)53VKHHWVLVVKRZQLQ)LJD,WFDQEHVHHQWKDW
WKHHODVWLFVWUDLQGLVWULEXWLRQDWWKHFHQWUDOSRLQWRIWKHSULVPVDQGDWWKHYHU\ILUVWORFDWLRQRIERQGHG)53ZDVZLGHO\
VSUHDG DQGKDG WKHKLJKHVW LQWHQVLW\)LJE VKRZVFRQWDFW ERQG VWUHVVHV DW)53FRQFUHWH LQWHUIDFH'XH WR WKH
V\PPHWU\LQWKHGRXEOHVKHDUWHVWWKHFRQWDFWVWUHVVHVDWWKHWRSDQGERWWRPRI)53FRQFUHWHLQWHUIDFHVDUHWKHVDPH
7KH FRQWDFW VWUHVVYDOXHZDVPD[LPXPDW WKHPLGSRLQWRI WKH)53 ULJKW DIWHU WKHXQERQGHGSRUWLRQ WKHQ VWDUWHG
GHFUHDVLQJDIWHUWKLVSRLQWDORQJWKHERQGOHQJWK
  
  )LJD(ODVWLFVWUDLQDORQJERQGHGDUHD   E&RQWDFWVWUHVVGLVWULEXWLRQ03D
7DEOHVKRZVDFRPSDULVRQEHWZHHQHIIHFWLYHERQGOHQJWKDQGWKHSHDNVWUDLQGHWHUPLQHGXVLQJWKHILQLWHHOHPHQW
PRGHODQGWKHHVWLPDWHGYDOXHVXVLQJ$&,5>@DQG&15'75>@%RWKFRGHVRIIHUPRUHFRQVHUYDWLYH
HVWLPDWHVRIWKHHIIHFWLYHERQGOHQJWKFRPSDUHGWRWKHILQLWHHOHPHQWPRGHO$&,5>@UHPDLQVFRQVHUYDWLYHLQ
HVWLPDWLQJWKHSHDNVWUDLQZKLOH&15'75>@SURYLGHVDPXFKFORVHUWRWKHILQLWHHOHPHQWPRGHO

7DEOH  &RPSDULVRQ EHWZHHQ HIIHFWLYH ERQG OHQJWK SUHGLFWHG XVLQJ ILQLWH HOHPHQW PRGHO DQG HTXDWLRQ IURP $&, 5 >@
DQG&15'75>@
 )LQLWH(OHPHQW
0RGHO
$&,5>@

&15'75>@

(IIHFWLYHERQGOHQJWK PP PP PP
0D[LPXPVWUDLQLQ)53   
&RQFOXVLRQV
,QWKLVVWXG\DILQLWHHOHPHQWDQDO\VLVPRGHORI)53VKHHWVH[WHUQDOO\ERQGHGWRWKHFRQFUHWHEHDPVXUIDFHZDV
GHYHORSHGXVLQJ$16<6VRIWZDUHZKLFKSURGXFHGDVHWRIVWUHVVDQGVWUDLQGLVWULEXWLRQVDORQJWKHERQGOHQJWK7KH
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SDWWHUQRIERQGVWUHVVDORQJWKH)53VKHHWVKRZHGWKDWWKHPD[LPXPVKHDUVWUHVVRFFXUUHGDWWKHILUVWFRQWDFWSRLQW
EHWZHHQFRQFUHWHDQG)53VKHHWVEHWZHHQWKHWZRFRQFUHWHSULVPV7KHVWUDLQDPSOLWXGHLQ)53ZDVODUJHVWDWWKH
ILUVWFRQWDFWSRLQWEHWZHHQWKHWZRFRQFUHWHSULVPVDQGWKHLQWHQVLW\RIVWUDLQGLPLQLVKHVDZD\IURPWKHFHQWUHOLQH
7KH WZRFRGHV$&,5>@DQG&15'75>@RIIHUFRQVHUYDWLYHHVWLPDWHVRI WKHHIIHFWLYHERQG OHQJWK
FRPSDUHGWRWKHILQLWHHOHPHQWPRGHOZKLOHRQO\$&,5>@ZDVPRUHFRQVHUYDWLYHLQHVWLPDWLQJWKHSHDNVWUDLQ
FRPSDUHGWRWKHILQLWHHOHPHQWPRGHO
$FNQRZOHGJHPHQWV
7KHDXWKRUVJUDWHIXOO\DFNQRZOHGJHWKHILQDQFLDOVXSSRUWRIWKH&HQWHURQ6XVWDLQDEOH%XLOW(QYLURQPHQWDW$EX
'KDEL8QLYHUVLW\
5HIHUHQFHV
>@/X;=7HQJ-*<H/3-LDQJ--%RQGVOLSPRGHOVIRU)53VKHHWVSODWHVERQGHGWRFRQFUHWH(QJLQHHULQJ6WUXFWXUHV(OVHYLHU
SS
>@<XDQ+7HQJ-*6HUDFLQR5:X=6<DR-)XOOUDQJHEHKDELRXURI)53WRFRQFUHWHERQGHGMRLQWV(QJLQHHULQJ6WUXFWXUHV(OVHYLHU
SS
>@2EDLGDW<7+H\GHQ6'DKOEORP2(YDOXDWLRQRISDUDPHWHUVRIERQGDFWLRQEHWZHHQ)53DQGFRQFUHWH-RXUQDORI&RPSRVLWHVIRU
&RQVWUXFWLRQSS
>@&KHQ-)7HQJ-*6KHDUFDSDFLW\RI)53VWUHQJWKHQHG5&EHDPV)53GHERQGLQJ&RQVWUXFWLRQDQG%XLOGLQJ0DWHULDOVDSS
±
>@&KHQ-)7HQJ-*6KHDUFDSDFLW\RI)53VWUHQJWKHQHG5&EHDPV)53UXSWXUH-RXUQDORI6WUXFWXUDO(QJLQHHULQJESS
±
>@6HUEHVFX$*XDGDJQLQL0DQG3LODNRXWDV.6WDQGDUGL]HGGRXEOHVKHDUWHVWIRUGHWHUPLQLQJERQGRI)53WRFRQFUHWHDQGFRUUHVSRQGLQJ
PRGHOGHYHORSPHQW&RPSRVLWHV3DUW%(QJLQHHULQJSS
>@+LUR\XNL<:X=$QDO\VLV RIGHERQGLQJ IUDFWXUHSURSHUWLHVRI&)6 VWUHQJWKHQHGPHPEHU VXEMHFW WR WHQVLRQ ,Q1RQ0HWDOOLF )53
5HLQIRUFHPHQWIRU&RQFUHWH6WUXFWXUHVUG,QWHUQDWLRQDO6\PSRVLXP7RVKL\XNL.DQDNXERHG6DSSRUR-DSDQSS
>@$PHULFDQ&RQFUHWH,QVWLWXWH*XLGHIRUWKHGHVLJQDQGFRQVWUXFWLRQRIH[WHUQDOO\ERQGHG)53V\VWHPVIRUVWUHQJWKHQLQJRIFRQFUHWHVWUXFWXUH
$&,5)DUPLQJWRQ+LOO0LFK86$
>@1DWLRQDO5HVHDUFK&RXQFLORI,WDO\*XLGHIRU WKH'HVLJQDQG&RQVWUXFWLRQRI([WHUQDOO\%RQGHG)536\VWHPVIRU6WUHQJWKHQLQJ([LVWLQJ
6WUXFWXUHV&15'75$GYLVRU\&RPPLWWHHRQ7HFKQLFDO5HJXODWLRQVIRU&RQVWUXFWLRQV5RPH
>@7HQJ-*&KHQ-)6PLWK67/DP/)536WUHQJWKHQHG5&6WUXFWXUHV-RKQ:LOOH\	6RQV/7':HVW6XVVH[(QJODQG


